A dense rain-gauge network within continental Ecuador was used to evaluate the quality of various products of rainfall data over the Pacific slope and coast of Ecuador (EPSC). A cokriging interpolation method is applied to the rain-gauge data yielding a gridded product at 5-km resolution covering the period 1965-2015. This product is compared with the Global Precipitation Climatology Centre (GPCC) dataset, the Climatic Research Unit-University of East Anglia (CRU) dataset, the Tropical Rainfall Measuring Mission (TRMM/TMPA 3B43 Version 7) dataset and the ERA-Interim Reanalysis. The analysis reveals that TRMM data show the most realistic features. The relative bias index (Rbias) indicates that TRMM data is closer to the observations, mainly over lowlands (mean Rbias of 7%) but have more limitations in reproducing the rainfall variability over the Andes (mean Rbias of −28%). The average RMSE and Rbias of 68.7 and −2.8% of TRMM are comparable with the GPCC (69.8 and 5.7%) and CRU (102.3 and −2.3%) products. This study also focuses on the rainfall inter-annual variability over the study region which experiences floods that have caused high economic losses during extreme El Niño events. Finally, our analysis evaluates the ability of TRMM data to reproduce rainfall events during El Niño years over the study area and the large basins of Esmeraldas and Guayas rivers. The results show that TRMM estimates report reasonable levels of heavy rainfall detection (for the extreme 1998 El Niño event) over the EPSC and specifically towards the center-south of the EPSC (Guayas basin) but present underestimations for the moderate El Niño of 2002-2003 event and the weak 2009-2010 event. Generally, the rainfall seasonal features, quantity and long-term climatology patterns are relatively well estimated by TRMM.
Introduction
Spatio-temporal analysis of rainfall is crucial for water-resource management including water supply, risk management, sustainable agriculture and hydrological infrastructure. These aspects must be addressed and discussed before promulgating public policies in order to achieve the best climate-adapted development. Over South America, at continental scale, the rainfall distributions and related processes, such as moisture sources and transport, atmospheric circulation over oceans and continents, and the Andes range forcing, are fairly well-documented [1] [2] [3] [4] . At regional scale, the Ecuadorian Pacific slope and coast (EPSC) is an area of particular interest due to its physiographic features (surface, altitudinal range and the considerable horizontal distance from the coastal border to the watershed division on the high Andes) because they have a strong impact on the spatial variability of rainfall. In addition, the El Niño-Southern Oscillation (ENSO) is commonly identified as the main driver of temporal rainfall variability along the Ecuadorian coastal region and how the influence of this is different on the Andes [5] .
High-rainfall events over the EPSC, generally associated with El Niño events, are responsible for increases in runoff that cause major floods over Ecuador and Peru. The results of a 35-year simulation of rivers' runoff over the Pacific Slope and coast of South America (PSCSA) showed that 15% of the total PSCSA runoff comes from the EPSC [6] making it one of the main runoff surfaces over the PSCSA. By comparison, the Peruvian Pacific slope produces 17% of the PSCSA runoff over the area that is six times the area of the EPSC [6] . This highlights the importance of conducting more detailed climatological and hydrological studies over the whole EPSC and also in its two largest basins (the Guayas and Esmeraldas basins) considering different types of ENSO events in terms of strength and seasonality.
The rainfall distribution and anomalous heavy rainfall in the coastal area of Ecuador are known to be related to the strong positive Sea-Surface Temperature Anomalies (SSTA) in the El Niño 1 + 2 region (N1 + 2) located between 0-10 • S/80-90 • W [7] . The spreading of atmospheric instability in the N1 + 2 Pacific region to the eastern escarpment of the Andes could be a result of the temporary eastward shift of the Walker circulation [8] . Moreover, over the Andes, the rainfall patterns are driven by the influence of both the Pacific Ocean and the Amazon basin [8] and the combinations of regional and local atmospheric processes which interact with the topography [5, 7, [9] [10] [11] . Currently, various datasets are available to study different aspects of the Ecuadorian climate, such as the spatio-temporal rainfall patterns over this region. These datasets include the best rainfall estimates from gauge analyses such as the best-estimate precipitation rate with multiple independent precipitation estimates of the Tropical Rainfall Measuring Mission (TRMM) sensors and rain-gauge analysis (TRMM 3B43 monthly Version 7 product) or called TRMM Multi-Satellite Precipitation Analysis (TMPA/3B43) [12] that later we will name only TRMM.
A few studies have investigated the rainfall patterns over Ecuadorian areas [9, 13, 14] , but they do not examine in detail the entire EPSC surface. One of the objectives of this study is to better understand rainfall behavior over the EPSC. A critical step to achieving this goal consists in identifying the best regionally available dataset (e.g., based on synoptic observations from in situ networks, model reanalyzes, or derived from remote sensing) to represent the rainfall patterns over the EPSC. Consequently, this identified dataset will provide a more realistic framework to advance further hydro-climatic studies. Of course, in situ observations, that pass a quality-control process, constitute the most valuable source of information for climate studies. However, post-processing of satellite information contribute to enhancing the products that are only based on in situ observations, particularly on areas where it is too difficult to install a weather station. Over South America, TRMM products were used for regional analyses of rainfall variability already tested, e.g., the Peruvian [15] [16] [17] and Central Andes [18] , Brazil [19] , Andean-Amazon River Basins [20, 21] or the Amazon Basin [22] . Therefore, this study aims to test whether TRMM information represents the climatological conditions of the EPSC obtained from in situ observations better than the other three datasets (Global Precipitation Climatology Centre (GPCC), Climatic Research Unit-University of East Anglia (CRU), and ERA-Interim Reanalysis). To determine which global dataset provides the better results, a monthly 5-km resolution product was generated from the rain gauge network that covers the entire EPSC region. This product served as reference for the comparison with the four other datasets.
This study is organized as follows: the details of the study area are presented in Section 2, whilst Section 3 presents the data. First, the quality-control process applied to the information of all available rain gauges in Ecuadorian territory that are maintained by the Meteorological and Hydrological National Institute of Ecuador (INAMHI); second, the process to generate the 5-km gridded rainfall dataset applying the cokriging method (COK) to the rain-gauge data; and last, a brief overview of the other rainfall products. Section 4 presents methods for comparing the different products based on statistical metrics, principal component analysis (PCA), and an analysis of selected El Niño rainfall events corresponding to different types and amplitudes. Section 5 is dedicated to the summary of the results. Section 6 presents the discussion. Finally, Section 7 presents the conclusions of this work.
Study Area
Ecuador is located in north-western South America, between Colombia and Peru, between 81.03 • W-75.16 • W, 1.48 • N-5.04 • S. Ecuador extends from the Pacific coast in the west to the Amazon plain in the east. Following a north-south direction, the Andes range crosses the entire Ecuadorian territory. Along this section, the Andes are divided in two main chains, the western and eastern ranges. These two quasi-parallel lines form an inter-Andean zone characterized by several valleys where many human settlements are found, including the capital of Ecuador, Quito. The highest watershed altitude divides the territory into two large drainage surfaces, with main flow directions towards the Pacific Ocean and the Amazon basin respectively (Figure 1 ). Over the western Andes slopes, rainfall is produced from moist air coming from the Pacific Ocean, whilst over the western Andes the moisture comes from the Amazon basin and the Atlantic Ocean. The eastern side, through the trade winds, generally receive more moist air than the western slope [5, 23] . In addition, the inter-Andean valleys are influenced by both the oceanic and continental air masses [5] , the prevailing easterly moisture flow extends across the mountains depending on the speed of trade winds, especially in the south (around 3 • S), where the mountain chain is generally lower [10] .
Our study area, the EPSC, is delimited to the west by the Pacific Ocean and to the east by the Andes watershed division. From west to east, the EPSC can be divided into the coastal region, the low-altitude coastal cordillera (extending from 1 • N to 2 • S, with a maximum altitude of 860 m.a.s.l.), an inland low valley, the western flanks of the Andes, the western high Andes ranges until they reach the tropical glaciers, and finally an inter-Andean region in the north (Figure 1 ). The EPSC covers an area of~116,436 km 2 and represents about 47% of Ecuadorian territory with a total wide range of altitudes varying from 0 to 5870 m.a.s.l. from the coastal border to the higher Andes summits. Due to the complex topography of the study area, 74 basins are delimited according to level five of the Pfafstetter methodology [24] . The Esmeraldas and Guayas basins are the largest of the EPSC, covering 19,680 km 2 and 32,300 km 2 respectively, together representing 44.6% of the EPSC surface.
The singular rainfall distribution of the EPSC is related to the two relevant mountains chains. The coastal border is characterized by low rainfall (<600 mm/year); the rainfall amount increases over the low coastal cordillera; and eastwardly, between this chain and the start of the Andes foothills, rainfall amounts reach the maximum of the region (>2000 mm/year). Then, to the east, rainfall decreases with altitude towards the high Andes (~400 to 1200 mm) [25] . Over the entire region, large rainfall variability is associated with the influence of the Pacific Ocean warming during extreme El Niño events [7] , which induce extensive floods that can become devastating during the extreme El Niño years [26] over the lowlands. 
Data

In Situ Rainfall Data
The in situ observations are composed of the monthly rainfall records from 325 selected meteorological stations (262 gauges on the Pacific slope and coast, and 63 on the Amazon slope) with at least 10 years of data over the 1965-2015 period (Figure 2 ). The meteorological stations network is managed by INAMHI. The method applied to select the stations with valid long-term records is described in Section 3.1.1. 
Data
In Situ Rainfall Data
The in situ observations are composed of the monthly rainfall records from 325 selected meteorological stations (262 gauges on the Pacific slope and coast, and 63 on the Amazon slope) with at least 10 years of data over the 1965-2015 period (Figure 2 ). The meteorological stations network is managed by INAMHI. The method applied to select the stations with valid long-term records is described in Section 3.1.1. The study area (EPSC) is delineated using a black and bold line. The Esmeraldas and Guayas basins are delineated using orange and purple lines, respectively. The topography is represented using the digital elevation model (SRTM at 1 km of spatial resolution).
Data Homogenization and Validation
The raw data from the rain gauge network operated by INAMHI (370 gauges) were first quality-checked with the methodology applied in [27, 28] . In the following analysis a valid station record should contain at least 10 years of observations and pass the quality-assessment and regionalization processes using the Regional Vector Method (RVM) [29] . The RVM assumes that for the same rainfall regime in a climatic zone, the total annual rainfall presents a pseudo-proportionality (little random variation) associated with the rain distribution in the zone. Based on this method, the coherence of the gauge data was checked grouping the gauges by watersheds and altitudinal ranges. Then, they were regrouped iteratively to check their homogeneity. The main statistical criteria for regrouping stations are based on thresholds applied to the standard deviation of the differences between annual pluviometrical indices of stations and the regional vector indices; and to the correlation coefficient between the regional vector and annual pluviometric values of stations [27, 28] . During this process, an exhaustive geographical supervision was conducted using a background isohyet map with all data under review. This allowed excluding stations with doubtful data and those that did not correspond to any group and did not represent real climate zones. After this process, 45 gauges were excluded.
Belonging to the EPSC, 262 stations were grouped and selected; however, due to the low-gauge density over the Amazon region, only 63 stations were taken into account for this region. The rain gauges of the Amazon slope (63 stations) are represented using triangles. The study area (EPSC) is delineated using a black and bold line. The Esmeraldas and Guayas basins are delineated using orange and purple lines, respectively. The topography is represented using the digital elevation model (SRTM at 1 km of spatial resolution).
Belonging to the EPSC, 262 stations were grouped and selected; however, due to the low-gauge density over the Amazon region, only 63 stations were taken into account for this region. The information from these stations was used to perform an interpolation of the rainfall for all the Ecuadorian continental territory.
Rainfall Data Interpolation
Mountainous or sparsely populated regions often lack stations, so the meteorological information that represents these places does not exist or is limited. To solve these problems, spatial interpolation methods are convenient approaches. These techniques create continuous data over the region with missing information from sampled point values adjacent to a determined location.
The 325 validated gauges were interpolated using the cokriging method (COK) [30] for the whole Ecuadorian territory but the results are only applied to the EPSC. The Digital Elevation Model (DEM) of the Shuttle Radar Topographic Mission (SRTM) at 1-km resolution, provided by the National Aeronautics and Space Administration-National Geospatial-Intelligence Agency (NASA-NGA) and available at [31] was used as the external covariable for COK. Considering the gauge network density and the covariable resolution, the results of COK were obtained at a spatial resolution of 5 km. The R language and the libraries raster [32] , gstat [33] , were mainly used to perform the COK on the rainfall records. The library automap [34] was used to get the best fit for the variogram model. The best values to fit the variogram model were selected by testing the following four models: exponential, spherical, Gaussian and Matern-Stein. Considering the whole period, the best-fit indices were obtained with the exponential model, and therefore it was chosen.
The COK method was selected to interpolate the rainfall data because it allows avoiding the instability caused by highly redundant secondary data [35] . Improved results over the Andes have already been shown using this method [36] as well as over complex terrain in general [37] . However, despite the advantages of COK, the main weakness of the Kriging method is the tendency to produce maximum rainfall values over the summits rather than on the slopes [38] . Despite this limitation, the COK interpolation produces better results compared to those obtained in a previous study using simple Kriging and Cressman [39] . The gridded rainfall data obtained with COK represents adequately the rainfall variation by altitude. This better representation is thanks to the DEM data used by the COK method, which allows representing coherent rainfall changes by altitude, especially over the slope and the Andes.
In order to show a brief summary of the EPSC features and the results obtained with the validated gauges, Figure 3a shows the topography of the study area using SRTM (1 km of spatial resolution) and Figure 3b presents a three-dimensional view of the relief. The average annual rainfall map for the 1965-2015 period obtained using the COK spatial rainfall interpolation is presented in Figure 3c . The monthly mean rainfall variability averaged over the whole region is presented in Figure 3d .
The rainfall spatial distribution ( Figure 3c ) shows the lowest rainfall region (<750 mm/year) located on the central coastal border between latitudes 1 • S and 2.5 • S. This is associated with the limited displacement of the Inter-Tropical Convergence Zone (ITCZ) to the south in normal conditions, which is truncated by the cold water of the south-west Pacific inhibiting the development of convection processes [40] . Towards to the east, the rainfall increases over the low-altitude coastal cordillera (~750 to 1500 mm/year) and reaches the highest rainfall (~1500 to 3500 mm/year) on an inter-valley between the low coastal cordillera and the Andes (1 • N to 1 • S and 79.5 • W to 78.5 • W). Finally, on the eastern side of the EPSC, over the Andes range, the rainfall decreases (~750 to 1750 mm/year). 
Rainfall Products
The gridded in situ rainfall obtained with COK interpolation as described in Section 3.1.2 was used to evaluate four commonly used gridded monthly rainfall datasets. They include two global gridded gauge-analysis products (CRU and GPCC), a reanalysis product (ERA-Interim) and the satellite-based estimate product from the TRMM monthly rainfall estimates with 3B34 algorithm, version 7. The details of the products used are shown in Table 1 . 
Methods
Evaluation of the Rainfall Products
The interpolated in situ observations obtained with COK were considered as the reference data to assess the quality of the four rainfall products described in Section 3.2. Three standard comparison metrics were used: the Pearson correlations coefficient (Crr), the Root Mean Squared Error (RMSE) and the Relative bias index (Rbias), the latter expressed in percentage (Equations (1)- (3)):
where n is the number of months; P is the monthly observed interpolated rainfall of the grid located at the coordinates (λ, ϕ) in the month t; P and σ P , represent respectively the mean and standard deviation of P; x, corresponds to the monthly series rainfall of the compared product; x and σ x represent, respectively, the mean and standard deviation of x.
The comparisons were performed over the longest time period of common availability by resampling the in situ observations at the same original resolution of the four tested products (see Table 1 ): for ERA-Interim at 0.125 • , for TRMM at 0.25 • and for the rainfall products GPCC, CRU at 0.5 • .
Evaluation of the Tropical Rainfall Measuring Mission (TRMM) Rainfall Product
Principal Component Analysis (PCA) (or the Empirical Orthogonal Functions (EOF)) technique [45, 46] is a commonly used method to characterize the spatio-temporal variability of physical fields in climate-related studies. It was applied to the centered and deseasonnalized anomalies of the interpolated monthly gridded in situ observations obtained in Section 3.1.2, over the 1965-2015 period. Given that, TRMM shows the best comparison metrics in terms of the criteria presented in 4.1 among the four tested products; we performed a more detailed evaluation of the TRMM data over the overlapping period with the gridded in situ observations (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . In particular, the PCA was also applied on the centered and deseasonalized anomalies to analyze the spatio-temporal variability of rainfall estimates from TRMM and compare them to those obtained using the gridded in situ observations. Furthermore, the TRMM estimates were also evaluated during El Niño events over the entire EPSC area and over the two largest river basins (Esmeraldas and Guayas basins). The results of the comparison will be presented for each study region and each El Niño event as the percentage of Rbias of the TRMM rainfall estimates and the total rainfall episodes.
The duration of El Niño rainfall events were selected according to the consecutive positive values of the Southern Oscillation Index (SOI) [47] ; El Niño intensity was ranked according to the NOAA Oceanic Niño Index (ONI) [48] ; sea-surface temperature anomaly (SSTA) as weak (0.5 • C to 0.9 • C SSTA), moderate (1 • C to 1.4 • C SSTA) and extreme (≥2 • C SSTA). Finally, the events' ranking was fine-tuned according to the observed rainfall quantity in the study area. The events intensity for the EPSC was also adjusted regarding the SOI values because the ONI only considers the mean of extended reconstructed sea-surface temperature anomalies (ERSST.v4) [49] [1997] [1998] (from January 1998) could be analyzed due to the data availability of TRMM.
Results
Rainfall Products Comparison
The first step consists of determining the rainfall product that provides the better rainfall estimates compared with in situ observations. The results of the comparison between in situ observations interpolated with COK and the four rainfall products described in Section 3.2 are presented in Table 2 and Figure 4 . Table 2 . Results of the comparison between the four rainfall products and in situ gridded (interpolated with COK) observations. The monthly time-series comparison is shown, along with the gridded resolution of the comparison, the mean annual precipitation with the mean bias difference of each product with the interpolated observations. Finally, the results of the three comparison metrics: correlation, RMSE and relative bias. The comparison was made in reference to the common temporal periods and the original grid resolutions of the four rainfall products compared (see Table 1 ). The two rainfall estimates that provide the best results are GPCC and TRMM products with Crr higher than 0.8 and Rbias lower than 6%. The major advantage of TRMM over GPCC is its higher spatial resolution (0.25° against 0.5°) and the availability of more frequently updated data. TRMM underestimates the total rainfall (−12.5%) with a Rbias, mean Crr and RMSE of −2.8%, 0.82 and 68.7, respectively ( Table 2 ). TRMM exhibits the best score in the lowlands, with high correlation, low RMSE and low Rbias compared to the other products (Figure 4) . Nevertheless, the performance of TRMM is quite low over the high-altitude regions, as already mentioned in several studies [16, [53] [54] [55] [56] [57] (Figure 4a,c) . This can be explained by the fact that the rainfall data from TRMM are derived through an inverse approach from the brightness temperature at the cloud top [58] . The TRMM processing scheme of microwave and infrared (IR) data has to cope with the highly heterogeneous terrain with varying brightness temperatures which affects the rainfall estimates [18] . Generally, the microwave signal as seen from space is strongly dependent on surface type [17] , and is affected by the presence of topography that is especially the case over the Andes [59] . The Andes cause strong scattering of the electromagnetic waves emitted by the Precipitation Radar (PR). This is a large source of error for rainfall estimation [38, 44] and also may severely affect the infrared retrieved estimation of rainfall [54] . An analysis of variance (ANOVA) was performed on the four global rainfall products and the in situ one, all resampled at 0.5 • of spatial resolution (corresponding to 10,572 samples in the EPSC from 1998 to 2013 at monthly time-scale) in order to determine if the differences between the datasets are significant. The different datasets do not perfectly follow the normal distribution, but they have almost all similar variances (20, 388, 14,849, 18 ,646, 24,670 mm 2 for the observations, TRMM, GPCC and CRU, respectively), except ERA-Interim (95,579 mm 2 ). Results of the ANOVA give a F-statistic of 2839 and a p-value close to 0. As the ERA-Interim does not perfectly fit the assumption of the ANOVA and also as the results of the comparison with the in situ data show important differences with the in situ dataset, an ANOVA on the in situ product, TRMM, GPCC and CRU was then performed. A F-statistic of 33.85 and a p-value of 7.6 × 10 −22 were obtained. A final ANOVA on the in situ data, TRMM and GPCC was performed as CRU provides quite different results from the other datasets. A F-statistic of 6.78 and p-value of 0.0011 were obtained. In all the cases, the null hypothesis was rejected, showing that the results presented in Table 2 and Figure 4 are statistically significant.
Rainfall
Considering the global products only based on in situ observations, better results are obtained using the GPCC product than the CRU (correlation 0.83 versus 0.66 and RMSE of 69 versus 102 mm). This is likely to be due to the use of a larger number of rain gauges in GPCC than in CRU [42, 50] . ERA Interim reanalysis monthly mean data show a large rainfall overestimation over the central region of the EPSC (Guayas basin). This was already observed in other studies in the same latitude range as Ecuador [51] and over the Peruvian Andes [52] .
The two rainfall estimates that provide the best results are GPCC and TRMM products with Crr higher than 0.8 and Rbias lower than 6%. The major advantage of TRMM over GPCC is its higher spatial resolution (0.25 • against 0.5 • ) and the availability of more frequently updated data. TRMM underestimates the total rainfall (−12.5%) with a Rbias, mean Crr and RMSE of −2.8%, 0.82 and 68.7, respectively ( Table 2) . TRMM exhibits the best score in the lowlands, with high correlation, low RMSE and low Rbias compared to the other products (Figure 4) . Nevertheless, the performance of TRMM is quite low over the high-altitude regions, as already mentioned in several studies [16, [53] [54] [55] [56] [57] (Figure 4a,c) . This can be explained by the fact that the rainfall data from TRMM are derived through an inverse approach from the brightness temperature at the cloud top [58] . The TRMM processing scheme of microwave and infrared (IR) data has to cope with the highly heterogeneous terrain with varying brightness temperatures which affects the rainfall estimates [18] . Generally, the microwave signal as seen from space is strongly dependent on surface type [17] , and is affected by the presence of topography that is especially the case over the Andes [59] . The Andes cause strong scattering of the electromagnetic waves emitted by the Precipitation Radar (PR). This is a large source of error for rainfall estimation [38, 44] and also may severely affect the infrared retrieved estimation of rainfall [54] .
Identification of Spatio-Temporal Rainfall Variability with TRMM
As a second step, as showed in 5.1, the TRMM product was chosen among the other rainfall products because of its evaluation scores, which were some of the best, and also because of its higher spatial resolution (0.25
PCA was applied on deseasonalized anomalies to both the TRMM product and the gridded interpolated observations averaged at 0.25 • of spatial resolution over 1998-2015. According to North's rule of thumb [60] , the first five PCA modes are significant, but only the first three PCA modes will be discussed because the higher-order modes explain a variance lower than 5% and are difficult to interpret. Figure 5 shows these three first modes, which represent 76% (53, 13 and 10%, respectively) of the explained total variance for the gridded observations and 86% (69, 10, and 7%, respectively) for TRMM. The spatial structures of both rainfall products are very similar, especially the first spatial and temporal component, which accounts for the highest explained variance. The explained variances obtained are lower for the observations resampled at the 0.25 • × 0.25 • resolution than for TRMM. This difference is because the PCA method is less able to represent (as explained variance) the more detailed spatial distribution of observed resampled grid rainfall than the TRMM estimates. 
Identification of Spatio-Temporal Rainfall Variability during El Niño-Southern Oscillation (ENSO) Events with TRMM
As a third and final step, three regions were studied for extreme, moderate and weak El Niño events selected in Section 4.2 over the whole EPSC and its two largest basins (Esmeraldas and Guayas). Time series and maps of average rainfall (1998-2015 period), as well as temporal events and cumulative rainfall maps over each study area and for each El Niño event are presented in Figure 6 . Very similar spatial and temporal patterns, with Crr = 0.91 and 0.95 and RSME = 55 mm and 0.07 respectively, were found for the first PCA mode (Figure 5a ). For the spatial component, small differences can be observed in terms of amplitude. TRMM represents more rainfall variability: lower over the Andes foothills and higher over the lowlands. The temporal component is dominated by the signature of the ENSO events, especially the extreme event of 1998 and the moderate event of [2002] [2003] . For the second PCA mode, showing a meridional dipole, the spatial patterns are very similar between TRMM and the re-gridded deseasonalized anomalies' observations (Crr = 0.91, RMSE = 45 mm), although the amplitudes of the dipole centers are smaller for TRMM, especially over the north of the EPSC (ITCZ migration region) and on the coastal center and south border (Humboldt Current influence). The temporal components are quite different (Crr = 0.57 and RMSE = 0.27). In particular, TRMM exhibits a stronger variability with respect to the observations (Figure 5b ). Similar spatial and temporal patterns with, respectively, Crr = 0.81 and 0.82 and RSME = 34 mm and 0.19 were found for the third PCA mode. However, a clear east-west gradient is present in the in situ gridded rainfall. It does not appear so clearly for TRMM (Figure 5c ).
As a third and final step, three regions were studied for extreme, moderate and weak El Niño events selected in Section 4.2 over the whole EPSC and its two largest basins (Esmeraldas and Guayas). Time series and maps of average rainfall (1998-2015 period), as well as temporal events and cumulative rainfall maps over each study area and for each El Niño event are presented in Figure 6 .
Pacific Slope and Coast
For the EPSC, the monthly averaged time variations of the observed rainfall were well estimated in the TRMM product. They present a low Rbias of −6.9% with respect to the observations. As shown in Table 3 , the 1998 El Niño event was the strongest rainfall event of the entire period 1998-2015 over the EPSC with 75.1% above the pluri-annual monthly average rainfall. The spatial and temporal results presented in Figure 6a show that the 1998 El Niño, for the 9 months considered, produced a maximum cumulative rainfall event between 3500 and 4000 mm over most of the lowlands and the high rainfall was observed towards the south until 2. Table 3 .
The rainfall during the extreme El Niño of 1998 and the weak 2009-2010 El Niño are, respectively, the best and worst estimated using TRMM. The rainfall during the weak 2009-2010 El Niño was the most underestimated by TRMM. Regarding the spatial rainfall distribution of the events (Figure 6b) , the maximum accumulated rainfall was observed in the central and southern regions of this basin. The upstream basin (in the Andes) was, in all cases, the region with least rainfall and lower variability. This spatial distribution is in accordance with the zonal rainfall distribution showed by the multiyear average rainfall map and the first spatial PCA mode. 
Guayas Basin
In the Guayas Basin, the monthly average rainfall was also underestimated by TRMM, with an average Rbias of −8.5% (lower than in the Esmeraldas basin). El Niño events of 1998, 2002-2003, 2007-2008 and 2009-2010 presented 100.7%, −21.3%, 0.8% and −7.5% more/less rainfall with reference to the average of the basin (Table 3 The distribution of average rainfall (Figure 6c) indicates that it was mostly concentrated in the northern basin region (normal seasonal ITCZ influence). The largest rainfall amounts occurred in the center and along the north-south border of the basin during the 1998 El Niño event. The total rainfall (4000 mm in 9 months) was distributed over most of the lowlands in the region delimited by the Andes and the low-altitude coastal cordillera. For all events, less rainfall was found in the Andean part of the basin. This spatial distribution is in accordance with the multiyear average rainfall distribution and with the zonal and meridional rainfall-variability distribution (N-S increase and W-E decrease) showed by the spatial PCA modes (EOF1 and EOF2) of Figure 5 .
Discussion
Our work presents a detailed rainfall distribution for the EPSC, which shows a significant correlation with orographic features. The high amount of climatology rainfall is concentrated in the north at the western windward side of the Andes and in the low coastal cordillera due to the intense low-level convergence when the ITCZ is placed on the north of the equator (almost in line with the oceanic ITCZ) in austral winter [4] . The mountain slopes exposed perpendicularly to frequent winds that transport moisture [11] can produce this highest amount of rainfall. This could also be supported by a larger cloud frequency observed in the north (~0) than the south (~4 S) [61] . The spatial rainfall distribution over the EPSC is clearly delimited by its two mountain chains, which act as weather divisions, mainly the Andes, as the major borderline between Pacific and Amazonian climatic influences. These two chains have permanent interactions with tropospheric flow, which is more remarkable during the rainy season due the ITCZ seasonal migration and the interannual ENSO influence periodicity (ranging from 2 to 7 years [62] ). The particular case of the coastal border, where the rainfall amount is minimum, can be related to the influence of the SE Pacific anticyclone and the cold water upwelling of the Humboldt Current in austral winter [61] . As for the temporary rainfall distribution over the EPSC, the first rainfall seasons starts in November-December when the ITCZ begins its southern displacement, then a second marked season, due to the direct influence of the ITCZ on convective processes, starts in Jan-May reaching a maximum in March. A third season with lower (minimum) rainfall occurs during Jul-Sep due to the northward shift of the ITCZ, during the northern hemisphere summer, and the intensified Walker circulation that produces advective low cloud [63] .
The largest interannual variability within the EPSC region is mostly produced by the ENSO conditions and influenced by the seasonal meridional migration of the ITCZ. This relationship is supported by the fact that the ITCZ migration is delayed (favored) during warm (cool) ENSO phases [64] because the ITCZ generally migrates toward a differentially warming hemisphere [65] . The spatial component of the second EOF mode is consistent with the higher cloud frequency during the ITCZ meridional migration over the EPSC and, therefore, closely related to the ENSO events represented by the first EOF mode. The spatial component of the first EOF specifically reveals the zonal rainfall variability influence of El Niño events, which is highest over the lowlands, specifically higher over the center south (Guayas basin), low over the Andes slope, and very low over the Andes. This was clear, for example, during the extreme 1998 El Niño, with a high rainfall variability impact towards the center-south according to the spatial rainfall variability presented by the first EOF mode and the event rainfall accumulation over the Esmeraldas and Guayas basins. The higher rainfall variability for the Guayas basin (center-south region) than for the Esmeraldas basin (north region) can be accounted for by evidence of historic strong and extreme El Niño events, which clearly separate the moist northern Ecuadorian coast, under the normal influence of the ITCZ, from the south coast of Ecuador, which is the driest region and sensitive to ENSO events [66] . It should be noted that the ITCZ shift during warm ENSO episodes reduces rainfall by about 100 mm/year along the northern edge of the normal ITCZ over the eastern Pacific [67] , mostly in December-February (DJF) and March-May (MAM). It is equally important to mention that the western and central Pacific ITCZ shifts southward by about 2 • S on typical ENSO conditions, and by about 5 • S during strong El Niño events (such as in 1983 and 1998) [65] with the longitudinal ITCZ structure modified by ENSO's zonal rearrangement of convection [67] .
Although the monthly global datasets as GPCC and CRU obtained by interpolating global gauges' observations allow for fairly good rainfall data for the study region, TRMM 3B34 V7 is the better source among all the datasets considered in this study. TRMM showed good agreement with gauge data compared with GPCC and CRU, and it showed to be superior to the global atmospheric reanalysis of ERA-Interim. Nevertheless, TRMM presents some overestimations over lowlands (mean Rbias of 7%) and has more underestimations over the Andes (mean Rbias of −28%) when compared with in situ gauges. For the El Niño rainfall events, TRMM presents mostly underestimations for the considered El Niño events. This could be explained because the TRMM dataset is the result of the combination of multiple independent precipitation estimates from the TRMM microwave imager (TMI), visible and infrared scanner (VIRS), rain gauge data and the precipitation radar (PR). PR underestimates rainfall rate for extremely intense convective rainfall [68] , especially for extreme precipitating systems that contain significant mixed phase and/or frozen hydrometeors [69] , as on the Andes. There is also the limitation of the VIRS data that provide information of cloud-top height, which do not correlate well enough with ground precipitation [70] . Different cloud types may have similar cloud-top temperatures and are associated with different amounts of rainfall at the ground [71] ; for higher convective cloud there are normally underestimations compared to low-level short convection [72] . Finally, the TMI also missed the light and heavy rainfall because of its small scale (swath width of 758.5 km) [73] and/or type of rainfall according to its nature as, for example, the warm rain (derived from non ice-phase processes in clouds) [74] . As shown by [61] , over Ecuadorian territory the average cloud-top height increases from west to east during the wet season (December-May), which means W-E rainfall cloud-top height increases; thus, this results in important underestimation over the Andes against a reasonably small overestimation over lowlands. It could also suggest that during the lower rainfall season (July-September), as shown in [75] , TRMM overestimations over the dry areas could be attributed to sub-cloud evaporation.
Conclusions
Comparison of the gridded observations with the commonly used rainfall datasets from GPCC, CRU, ERA-Interim reanalysis, and the satellite estimates from TRMM 3B43, showed that the satellite-based rainfall product provides the more reliable estimates. Overall, considering the 1998-2015 period, there is a good agreement between observations and TRMM with an average lowest RMSE of 68.7 mm/year and Rbias of −2.8% for the entire EPSC. We can note that, for the lowlands, the Rbias obtained (7%) are closer (small overestimation) to the observations than for the Andes (−28%) (underestimation). These results can be related to the uncertainties associated with the TRMM 3B43 algorithm and the errors from the different sensors onboard the satellite (TMI, PR and VIRS) which are responsible for underestimations of the rainfall during the wet season (December-May) when top-cloud heights increase from W-E of the EPSC over the Andes slopes and inter-Andean basin.
Very similar spatial and temporal patterns were found, especially for the first mode (Crr = 0.91 and 0.95 and RSME = 55 mm and 0.07 mm), when applying the PCA to deseasonalized anomalies of rainfall from TRMM 3B43 and in situ gridded observations over the EPSC between 1998 and 2015. For the spatial component, some differences can be observed in terms of rainfall variability amplitude and structures form over the Andes foothills (lower for TRMM) and over the lowlands (higher for TRMM). The first temporal component is dominated by the signature of the ENSO events, especially the extreme event of 1998. The first PCA spatial mode clearly shows the location of heavy rainfall impact of El Niño events and their zonal rainfall variability influence, which is highest over the lowland and lower towards the Andes.
The TRMM 3B43 product showed a generally good capability for providing realistic rainfall estimates during extreme El Niño 1998 (mean Rbias of +7.7%), and moderate +8 .5%, +5.3%) in spite of small overestimations. All these results confirm that TRMM 3B43 V7 reports reasonable levels of heavy rainfall detection over the EPSC and specifically towards the center-south of the EPSC (Guayas basin) but presents a general underestimation for the moderate and weak El Niño events. Over the whole EPSC, the seasonal features and quantity are relatively well estimated by TRMM and the long-term climatology patterns are well represented. The present study validates the use of remotely sensed rainfall data in regions with sparse rain-gauge stations and high rainfall variability, taking into account the potentialities and limitations of satellite estimates.
